The applicability of a calcia mold to casting a -type titanium alloy, Ti-29Nb-13Ta-4.6Zr (TNTZ), was evaluated with focusing on the dimensional accuracy of the casting in this study. Pure zirconium particles were added to a calcia mold to take advantage of the expansion of oxidized zirconium during the baking process in order to compensate for the solidification shrinkage of TNTZ. The morphological characteristics of the casting surface, such as the roughness and dimensional accuracy, of the cast TNTZ were investigated.
Introduction
In the dental field, ion elution induced by corrosion from the surface of dental products is a suspected cause of physical allergic reactions and/or damage to dental products. Attempts have been made to overcome these problems; therefore, the demand for titanium (Ti) and its alloys in dental products has gradually increased due to their high corrosion resistance and other excellent properties. [1] [2] [3] Especially, a Ti-29Nb-13Ta-4.6Zr (TNTZ) alloy composed of nontoxic and non-allergenic elements, such as Nb, Ta and Zr, has been predicted to be the next-generation biomaterial for prosthetic appliances and dental implants. [4] [5] [6] [7] The dental products are designed to fit diseased areas based on an individual patient's condition. Therefore, dental products are usually fabricated using a dental precision casting technique. However, the melting point of TNTZ is much higher than that of a conventional Ti alloy, Ti-6Al-4V ELI, because TNTZ contains a significant amount of Ta and Nb, which have melting points of 3290 K and 5017 K, respectively. 8) Molten TNTZ is very active at high temperatures, and TNTZ easily reacts with the mold and formed surface reaction layer. It is difficult to obtain cast TNTZ using general mold materials, such as alumina and magnesia. The development of mold materials that are stable at high temperatures for dental precision casting of the titanium alloys such as TNTZ with high melting point is, therefore, essential.
Researchers have focused on calcia particles as heatresistant investments. 9, 10) Calcia particles are among the most stable oxides in terms of the free energy of formation, thus, inhibition of the interface reaction is expected. [11] [12] [13] In our previous research, it was confirmed that calcia-based investments inhibited the interfacial reaction and decreased the thickness of the surface reaction layer more than conventional investments. 14) Furthermore, the surface of cast TNTZ made using a duplex-coated wax pattern with a fine pure calcia slurry and a crushed silica fiber-reinforced fine calcia slurry was very fine. These results indicated that calcia particles were suitable for the dental precision casting of TNTZ. However, it is still difficult to obtain highdimensional accuracy of cast TNTZ using a calcia mold. The solidification shrinkage of the cast TNTZ fabricated using a calcia mold cannot be compensated for, becuase the calcia mold shrinks 2% during the baking processes. In this study, in order to compensate for the solidification shrinkage of the cast TNTZ, cast TNTZ was fabricated using a calcia mold to which an intumescent agent had been added. In order to evaluate the applicability of the dental precision casting technique using the calcia mold for TNTZ, the surface roughness and dimensional accuracy of the cast TNTZ fabricated using a calcia mold was investigated.
Materials and Methods

Materials
TNTZ disks with a diameter of 30 mm or 6 mm and a thickness of 13 mm were prepared from a hot forged TNTZ bar (Nb: 29.2 mass%, Ta: 12.2 mass%, Zr: 4.3 mass%, Fe: 0.05 mass%, N: 0.04 mass%, O: 0.01 mass% and Ti: balance) with a diameter of 30 mm and a length of 1000 mm.
Wax pattern
Four types of wax patterns were formed using commercially available paraffin wax. Schematic drawings of a square-type wax pattern with markers for the evaluation of dimensional accuracy, a dog-bone-type wax pattern for the evaluation of the microstructure and hardness distribution, a cubic-type wax pattern for evaluating phase constitutions using an X-ray diffractometry (XRD), and a plate-type wax pattern for the wettability evaluation are shown in Fig. 1 . Sprue and a sprue runner were set in the square-type, dogbone-type, and cubic-type wax patterns, as shown in Fig. 1 . Several wax patterns were coated with a calcia slurry to obtain a smooth casting surface, as described in detail below.
Mold
Two different sizes of electrically fused calcia particles with diameters below 0.3 mm (C 1 ) and 1-3 mm (C 2 ) were used in this study. The chemical composition of the magnesia-based investment (hereafter magnesia investment) is shown in Table 1 . The bonding agent of the investment used in this study was a methanol solution with 7 mass% calcia chloride, CaCl 2 . C 1 particles were mixed with the bonding agent at a ratio of 4 : 1 by weight, and a C 1 slurry was obtained (slurry A). Then, 0.3 mass% silica fiber meshes (5 Â 5 mm 2 , 2 mm in thickness) and 5-18 mass% 45-mm pure zirconium particles (used as expansive components) were mixed into slurry A (slurry B). Wax patterns were immersed in slurry A and subsequently in slurry B. In order to avoid mixed calcia particles, the wax patterns were coated at 1.2 ks intervals. Mixture calcia particles of 40%C 1 and 60%C 3 by weight were used as the investment material. The mixed calcia particles were further mixed with the bonding agent at a ratio of 93 (calcia particles): 7 (bonding agent) by weight and then invested in a mold frame with the wax patterns obtained with the calcia slurry coatings. A mold frame with a diameter of 70 mm and a length of 100 mm was used. The invested molds were held in a vacuum desiccator (0:06 Â 10 À6 Pa) for 86.4 ks at room temperature. Multiple baking processes were then carried out with the molds using an electrical muffle furnace. A schematic image of the multiple baking processes for the calcia mold is shown in Fig. 2(a) .
A commercially available magnesia-based investment with alumina cement was also used as a control. The chemical composition of the magnesia investment is shown in Table 1 . The magnesia investment was mixed with distilled water at a ratio of 100 (magnesia investment): 13 (distilled water) by weight and then invested in a mold frame with the untreated wax patterns. The invested molds were dried in air for 3.6 ks and baked at 1373 K for 3.6 ks ( Fig. 2(b) ).
Casting
Casting of the TNTZ was carried out using an argon pressure-type dental precision casting machine. The TNTZ disks were melted for 50 s (15 s for the plate-type wax pattern) under 10:2 Â 10 À6 Pa by a 300-A mono arc and then cast under 0.7 MPa argon pressure using the calcia and the magnesia molds as described above.
Evaluation of surface roughness
The surface roughness of slurry A (first-coating layer), the magnesia mold, and the dog-bone-type cast TNTZ were evaluated using a surface roughness meter. Slurry A and the magnesia investment were placed on a slide glass and baked in the manner described above. After baking, the surface roughness of the mold contacting the slide glass was measured.
Evaluation of dimensional accuracy
The square-type cast TNTZ was used to evaluate the dimensional accuracy of the cast TNTZ. The length between the markers on the square-type cast TNTZ was measured using digital microscopy. In addition, the dimensional accuracy of the mold was also evaluated. The mold was cut after baking, and the length between the transcribed markers in the mold was measured. The dilation ratio of the cast TNTZ and the mold, D cast and D mold , respectively, was calculated by the following equations:
where l 1 , l 2 , and l 0 are the length between the markers of the cast TNTZ, the length between the markers of the mold, and the length between the markers of the wax pattern, respectively.
2.7 Evaluation of microstructure and hardness distribution of cast TNTZ Cast TNTZ disks were mechanically cut from the gauge part of the dog-bone-type cast TNTZ. The cast TNTZ disks were polished with 320-1500 grid SiC paper in water followed by buffering with 0.3-mm Al 2 O 3 and SiO 2 . Casting defects, mainly shrinkage (infinite form) and pore (spherical shape and below 10 mm), on the cast TNTZ disks were observed using an optical microscopy (OM) and a scanning electron microscopy (SEM), and the volume fraction of the casting defects was calculated.
The cast TNTZ disks were etched in a 5%HF solution, and the microstructure of the cast TNTZ disks was observed using an OM.
The Vickers hardness (Hv) of the cast TNTZ disks was measured using a Vickers hardness tester in air at room temperature under a constant loading condition (load: 1.96 N, holding time 15 s). The Vickers hardness was measured from the surface to the inside (425 mm) at intervals of 25 mm in a zigzag manner.
The element profile of the cast TNTZ was measured. A cross section of the cast cubic-type TNTZ was polished with 320-1500 grid SiC paper in water followed by buffering with 0.3-mm Al 2 O 3 and SiO 2 . The element profiles of the cross section of the cubic-type cast TNTZ were measured using an energy dispersive X-ray fluorescence spectrometer (EDX). In addition, the phases of the cross section of the cubic-type cast TNTZ were identified using an XRD. Cu-K radiation with an accelerating voltage of 40 kV and a current of 30 mA was used.
Evaluation of wettability of mold
The wettability of the mold was evaluated using a mold fabricated with the plate-type wax pattern. After casting TNTZ into the center of the mold, the contact angle was measured.
Results and Discussion
Appearance of mold and cast TNTZ
The appearances and cross section of the calcia and the magnesia molds (hereafter the calcia and magnesia molds will be called mold calcia and mold magnesia , respectively) are shown in Fig. 3 . The surface roughness of the mold calcia area where the mold contacted the molten TNTZ was 1.98 mm, and a smooth surface could be obtained. The surface roughness of the mold magnesia was 1.04 mm. The surface roughness of the mold depends on the particle size. In this case, the size of the calcia and the magnesia particles was <300 mm and <200 mm, respectively. Therefore, the surface roughness of the mold casia was higher than that of the mold magnesia .
The appearances of the typical dog-bone-type cast TNTZ fabricated using the mold calcia and mold magnesia (hereafter the TNTZ cast using the mold calcia and mold magnesia will be called TNTZ calcia and TNTZ magnesia , respectively) is shown in Fig. 4 . The TNTZ calcia was easily separated from the mold calcia by hammering and had metallic luster without penetration. Because a smooth surface of the TNTZ calcia without a thick burned sticky layer was obtained after hammering, surface treatment by sand blasting was not required. On the other hand, a burned sticky layer was formed on the TNTZ magnesia after hammering, requiring surface treatment of the TNTZ magnesia by sand blasting. The surface of the TNTZ magnesia is black and did not have any metallic luster, in contrast to the TNTZ calcia . The surface roughness of the TNTZ calcia and TNTZ magnesia was 127.82 nm and 692.08 nm, respectively. In general, the surface roughness of the cast TNTZ depends on the surface roughness of the mold. While the surface roughness of the mold calcia was higher than that of the mold magnesia , the surface roughness of the TNTZ calcia was low relative to that of the TNTZ magnesia . Burned sticky layer was formed on the surface of the TNTZ magnesia during the casting and the surface roughness of the TNTZ magnesia increased. On the other hand, surface of the TNTZ calcia was smooth without a thick burned sticky layer. Therefore, the surface roughness of TNTZ calcia was lower than that of the TNTZ magnesia . Figure 5 shows the change in the dilation ratios of the mold calcia and the TNTZ calcia as a function of number of zirconium particles with those of mold magnesia . The dilation As-hammered As-hammered <Mold calcia > < Mold magnesia > As-blasted Quality Improvement of a -Type Titanium Alloy Cast for Biomedical Applications by Using a Clacia Moldratio of the mold calcia and the TNTZ calcia increases with increasing the amount of zirconium particles. The dilation ratio of the mold magnesia is 0.2 mass%; in order to obtain the same dilation ratio, a 5 mass% zirconium addition to the mold calcia is required. Furthermore, in order to obtain the same size of the TNTZ calcia and the wax pattern, 12 mass% zirconium particles must also be added to the mold calcia . Therefore, the mold calcia with 12 mass% zirconium particles was used for TNTZ casting in the following experiment. Figure 6 shows optical micrographs of the cross sections of the dog-bone-type TNTZ calcia and TNTZ magnesia . Although a surface reaction layer is observed on the surface of both the TNTZ calcia and TNTZ magnesia , the thickness of the surface reaction layer of the TNTZ calcia is thinner than that of the TNTZ magnesia , as described in detail below. A dendritic structure is observed on the surface of both the TNTZ calcia and TNTZ magnesia .
Dimensional accuracy of mold and cast TNTZ
Microstructure of cast TNTZ
SEM photographs of representative casting defects on cross sections of the dog-bone-type TNTZ calcia and TNTZ magnesia are shown in Fig. 7 . Casting defects mainly include shrinkage and the occurrence of pores. Figure 8 shows the volume fraction of the casting defects on the cross sections of the dog-bone-type TNTZ calcia and TNTZ magnesia . The volume fraction of the casting defects on the TNTZ calcia is 3%, while the volume fraction of the casting defects on the TNTZ magnesia is 6%. Therefore, the casting defects on the cast TNTZ could be inhibited when the mold calcia , rather than the mold magnesia , was used for casting. Figure 9 shows the distribution of casting defects on the cross sections of the dog-bone-type TNTZ calcia and TNTZ magnesia . The number of casting defects on the TNTZ calcia is smaller than that on the TNTZ magnesia . The maximum diameter of the shrinkage on the TNTZ calcia was 20 mm, while that of the shrinkage on the TNTZ magnesia was almost 50 mm. The appearance of the sprue of the dog-bone-type TNTZ calcia and the TNTZ magnesia is shown in Fig. 10 upward against the casting direction, while that of the TNTZ magnesia is concave downward against the casting direction. Therefore, the wettability between the molten TNTZ and the mold calcia is considered to be lower than that between the molten TNTZ and the mold magnesia . Figure 11 shows the appearance of the plate-type mold calcia and mold magnesia after casting in order to assess the wettability of the mold calcia and the mold magnesia . The TNTZ magnesia spreads on the mold magnesia better than the TNTZ calcia spreads on the mold calcia . In addition, the contact angles of the mold calcia and the mold magnesia are 170 and 120 , (a) Moldc alcia (b) Mold magnesia Fig. 11 Appearances of the TNTZ calcia (a) and TNTZ magnesia (b) cast using the plate-type mold calcia and mold magnesia , and the cross sections of their edges parts.
respectively. Therefore, the wettability of the mold calcia against the molten TNTZ is lower than that of the mold magnesia . As a cause of the decrease in the casting defect of the TNTZ calcia , effect of capillarity pressure may be considered. Capillarity pressure, which is attributed to the wettability of the interface between the molten TNTZ and the mold, is believed to generate while casting. Because of the generation of capillarity pressure, the molten TNTZ is subjected to pressure from the surface toward the inside of the cast TNTZ. In general, increasing the pressure decreases the cast defect. Because of the low wettablity of the mold calcia , the capillarity pressure of the mold calcia may be greater than that of the mold magnesia . Then, the greater pressure generates between the mold calcia and the molten TNTZ, as a result, inhibit the occurrence of shrinkage more significantly than the pressure of the mold magnesia does. Therefore, the mold calcia may decrease the amount and diameter of shrinkage more than the mold magnesia does. However, in the case of the mold calcia , the wettablity of the mold calcia is lower than that of the mold magnesia . Therefore thermal conductivity for mold calcia may be lower than that of mold magnesia , and the cooling rate of TNTZ calcia may be low compared with that in the case of mold magnesia . In general, slow cooling rate increases casting defects. Therefore, in the case of the mold calcia , increasing of capillarity pressure may be more effective rather than that of decreasing cooling ratio. However quantitative analyses are required to confirm above consideration. Figure 12 shows the Vickers hardness distribution of the cross section of the dog-bone-type TNTZ calcia as a function of the distance from the surface of specimens. A greater hardness is found near the specimen surface of the TNTZ calcia and TNTZ magnesia . However, the hardness near the surface of the TNTZ calcia (Hv300) is much lower than that of the TNTZ magnesia (Hv600). The thickness of the hardening layer of the TNTZ calcia was estimated at 150 mm, while that of the TNTZ magnesia was estimated at 275 mm. Figure 13 shows XRD patterns of the surface of the cubictype TNTZ calcia and TNTZ magnesia . Only single phases are detected from the surface of both the TNTZ calcia and TNTZ magnesia .
Evaluation of surface reaction layer of cast TNTZ
SEM micrographs of the cross section of the cubic-type TNTZ calcia and the TNTZ magnesia , and Ti, Nb, Ta, Zr and O profiles along the line detected using EDX are shown in Fig. 14 . Ti, Nb, Ta and O are detected near the surfaces of both the TNTZ calcia and TNTZ magnesia . The intensity of O is the highest at the surface and decreased to the inside until 20-50 mm on the surface of both the TNTZ calcia and TNTZ magnesia . On the other hand, the intensity of Ti, Nb, and Ta is the lowest at the surface and increased to the inside until 20-50 mm. Therefore, the O-graduated layer existed near the surface of TNTZ calcia and the TNTZ magnesia . In addition, the O-graduated layer of the TNTZ magnesia is thicker than that of the TNTZ calcia . It is considered that oxide particles of the mold are reduced and generates the oxygen when oxide particles contact the molten TNTZ, and generated oxygen is soluted and diffused into the cast TNTZ. The O-graduated layer is then formed on the surface of the cast TNTZ. The free energy of the formation of calcia particles is lower than that of titanium oxide (titania) at the TNTZ melting point (around 2350 K). 15) Therefore, calcia particles are stable during casting. On the other hand, the free energy of the formation of magnesia particles is higher than that of titanium oxide above 1700 K. Since magnesia particles are more unstable than titania ones, magnesia particles are reduced and generated oxygen. Because the oxygen generated from the mold magnesia exceeds that generated from the mold calcia , much of the oxygen diffuses into the TNTZ magnesia , and a thick O-graduated layer is formed on the TNTZ magnesia . On the other hand, the formation of the O-graduated layer is dramatically inhibited using the mold calcia . Therefore, the hardness of the surface of the TNTZ magnesia is greater than that of the TNTZ calcia . This O-graduated layer having high degree of hardness is so called -case. 16) In general, the -type Ti alloy becomes harder and more brittle by soluting the oxygen, and the mechanical properties, such as tensile properties and fatigue properties, of -type Ti alloy decrease. The formation of -case has to be inhibited on the surface of cast TNTZ to improve its high degree of mechanical properties. The inhibition of -case on the surface of the cast TNTZ is achieved using the mold calcia .
Conclusions
The dimensional accuracy of cast TNTZ using a calcia mold for biomedical applications was mainly evaluated in this study. It could be concluded as follows, (1) The dilation ratio of the mold calcia increases with an increasing the number of pure zirconium particles. Moreover, the addition of 12 mass% or 14 mass% pure zirconium particles compensates not only for the solidification shrinkage of the TNTZ calcia but also for the shrinkage of the mold calcia .
(2) The formation of the -case in TNTZ is restrained to a larger extent by casting into the mold calcia than into the mold magnesia . (3) The volume fraction and number of casting defects are also restrained to a larger extent by casting into the mold calcia than into the mold magnesia .
